Rheological properties of paints intended for dip coating were investigated under different flow conditions. Different experimental procedures were carried out in order to examine the flow properties under conditions similar to real situations in technological processes. All the systems examined exhibited strongly non Newtonian flow behavior. The composition of the examined paints strongly influences shear and time -dependent properties. A stretched exponential equation provided good correlation for describing the kinetics of thixotropic recovery. Application of the Burgers model for describing experimental data from creep and recovery gave satisfactory results. From these investi gations it can be concluded that the most favor able rheological properties were obtained when the samples were formulated by using Surfinol 104E as a surfactant in combination with rheo logical additives Bentone 38 and Aerosil 200.
Introduction
The suspensions investigated in the present work belong to a class of paints which are intended to use for the dip coating process. The process consists of withdrawing a solid plate from a large reservoir of paint at a constant velocity. Various papers have been made published on the modeling of the dip coating process [1] - [3] with Newtonian and non-Newtonian fluids. In comparison with industrial applications of dip coating technology, simulations of the process are usually based on idealised situations, but can nevertheless offer very important information which should be taken into account in practice. During the dipping process, three types of forces normally have to be considered: viscous, gravity and surface tension forces. In the range sufficiently far from the surface of the liquid in the reservoir, where the film thickness becomes constant, viscous and gravity forces are Applied Rheology Oktober /October 1997 involved. In the dynamic meniscus region, the film thickness varies with height above the liquid level, and therefore viscous, gravity and surface tension forces have to be taken into account. An important variation of stresses in the fluid can be observed because of the rapid change in fluid motion in the meniscus, and the flow can be described as a combi nation of shear flow along the plate (painted object) and elongation flow near the stagnation point. The main factors which affect the coating thickness and, conse quently, the quality of painted film are gravity, speed of withdrawal and the rheological properties of the fluid [1] . The main factors which influence the mechanical properties of a paint are: the characteristics of the disperse phase, the composition of the dispersing medium, the type and concentration of suspension should be stable before and during the dip coating process, as well as during longer periods of storage.
In order to achieve the most favorable composition of the paint from which optimal mechanical properties can be attained, the rheological properties of paint should be known [5] . For example, the film thickness after application strongly depends on the viscosity at lower shear rates. Useful information of the relation between viscosity and shear rate can be obtained from the flow curve [6] . A correct balance between sagging and leveling after the dipping process is also controlled by the rheological properties [7] . In this case, not only shear dependent behavior of the paint but also time dependent effect on the flow behavior due to the structure build up and viscoelastic proper ties i s very important. To a certain extent, also the stability of paints during storage can be controlled by rheological properties, especially by the capability of structural reconstruction of the paint during prolonged time of rest.
The present work deals with the rheological charac terisation of aqueous paints used for dip the coating process in an industrial product line.
Experimental
The rheological investigations were carried out at 20 ± 0.1 oc using two types of rotational rheometers. The controlled rate rheometer employed was a Haake Rotovisco RV 100 measuring system with the Searle type measuring head M 5 and a coaxial cylinder sensor system MV I with radius ratio ra/r; = 1.05. The controlled stress rheometer applied was Carri Med CSLl 00, equipped with cone and plate geometry of 2 o cone and of 6 em diameter. A solvent trap was used to reduce sample dryout during the tests.
The examined paints were prepared at the paint factory Color Medvode, Slovenia, according to their standard procedures. The disperse phase was composed of Ti02 (rutil) and BaS04 (Blanc Fix Micro) in the volume ratio of 3. acrylic and melamine resins, dissolved in a mixture of solvents. In the solvent mixture, comprised of water, glycols and alcohols, water represented more than 50 val. %. The concentration of the pigment, the extender, the resins and the solvents was the same for all the systems examined. The composition of the investigated paints differed in addition of two different surfactants (acetilenic type, Surfinol 104E and caprolactame type, Adicol 64) and in three rheological additives (Bentone 38, Aerosil 200 and Rheolate 287) used at three different concentrations. The experimental investigations were performed with 29 samples of different compositions prepared by the combining additives.
The rheological behavior of all examined systems exhi bited strongly non-Newtonian behavior of shear thinning and time-dependent properties of thixotropic type.
Shear dependent behavior of the investigated paints was examined by using a controlled rate rheometer. Flow curves in the low shear rate range (0-35 s· 1 ) were determined from the shear rate ramp. The repeatability of experimental data was beyond expectation. In the range of higher shear rates (100 -1200 s· 1 ) a stepwise procedure was applied to examine the flow curves under steady shear conditions. The sample was exposed to a constant shear rate until a constant viscosity value was attained and then the shear rate was changed sequentially.
Time dependent effects on the flow behavior were studied by using a kind of shear rate step function. Structural build up of the sample under the conditions of low shear rates has been examined according to the experimental procedure [8] (see Fig. 1 ). In this work the "reference" shear rate of 23 s· 1 was applied until equilibrium condition was attained and subse quently the reconstruction of the structure at lower shear conditions (at shear rates from 0.6 to 11.7 s·1) was studied. The procedure makes it possible to examine the increase of shear stress with time due to the process of thixotropic recovery when the material passes from higher to lower shear conditions. Similar step function was applied also when the controlled stress rheo meter was used. In this case the shear stress changed from higher "reference" value of 10 Pa to lower values ranging from 1 to 5 Pa. During the experiments the decrease of shear rate with time, as a conse quence of thixotropic recovery of the material, was measured. 3 Ergebnisse und Diskussion
The flow curves at lower shear rates tor Time dependent effects on the rheological properties of the examined paints were also studied by applying of creep and recovery tests in the range of linear visco elastic response. For these experiments, a pre-shear of 6 Pa was applied and, after different time of rest, creep tests at constant shear stress of 0.05 Pa were per formed. The procedure i s schematically shown i n Fig. 2 .
Results and discussion
The experimental results obtained by applying shear rate ramp in a lower range of shear rates are shown in Fig. 3 . Evidently, the composition of paints strongly influenced the flow properties. The samples exhibited time dependent behavior of thixotropic type. The different shapes of hysteresis loops result from different paint compositions, since all the tests were performed under exactly the same measuring proce dure. An overshoot at the beginning of the experi ments was observed for all the systems examined. Such behavior can be ascribed to the structural break down of structured liquids, and due to the start-up flow overshoots were usually found for viscoelastic systems [5] . Regarding the paint formulation, the addition of surfactant in combination with rheological additives leads to more pronounced time dependent effects. The blend of Surfinol 1 04E and Rheolate 287 gave less effective results in comparison with paint formulations composed of Surfinol 1 04E/Aerosil 200 (S 26) and, even more noticeably, of Surfinol 104E/Benton 38 (S 8). When the shear rate ramp was repeated, the hysteresis loops disappeared. More or less steady values of shear stress were obtained in the second cycle, and were almost the same as those that were obtained when the shear rate decreased in the first cycle of the experiment.
The flow curves under steady shear conditions in the broad shear rate range were evaluated from shear rate ramp tests (low shear rates) and the stepwise procedure (high shear rates). For describing the shear thinning behavior of all the systems examined good correlation with experimental data was obtained with the Sisko model, see equation (1) . As an example, Fig. 4 demonstrates the shear dependent behavior of the same samples as Fig. 3 . Apparently, the influence of different rheological additives in paint composition on the shear dependent behavior was more important in the range of low shear rates. The solid lines passing trough the experimental data in Fig. 4 were calculated on the basis of the Sisko model.
Prediction of shear conditions for real situations in the dip coating process is usually extremely difficult.
In the process of transporting objects through the paint i n the reservoir and withdrawing them from the paint, the distribution of shear rates (or shear stresses) is relatively broad. by measuring the viscosity of the paint in the reser voir (0.35 -0.5 Pa.s). A comparison of these values with flow curves under steady shear conditions showed that the shear rates in this segment of the process ranged from 20 -45 s· 1 . The maximum shear rate selected in the shear rate ramp test (35 s· 1 ) corresponds to the shear conditions which may be expected in the paint reservoir of the production line.
When the examined systems passed from higher to lower shear conditions, viscosity increased with time due to the thicotropic build-up of the structure. The structural reconstruction was followed by the previously discussed step functions. Both test pro cedures were performed under similar shear con ditions. For higher shear conditions, the shear rate of 23.4 s·1 of the shear stress of 10 Pa were selected as a references, depending on the rheometer applied: controlled rate or controlled stress. The influence of the variation of shear conditions on the kinetics of structural recovery for some of the examined samples is demonstrated in Fig. 5 . The viscositry data are presented as a function of time i n terms of relative values (T)/1') 5) with reference to steady values (1')5), achieved after a long period of shear at certain shear conditions. At the same time, the range of the reconstruction process increased when the material was subjected to the larger variations of kinematic conditions. The comparison of experimental data in figs. 5a, 5b and Fig. 5c showed that the kinetic of structural recovery depends also on the applied measuring technique. The increase of viscositry with time was studied at the conditions of constant shear rates or at constant shear stresses. The explanation of such responses may be associated with different material responses, since relatively small deviations of the absolute viscosity values (in the range of 4-8 %) were optained by measuring the same sample with two rheometers. Also different characteristics of the applied rheometers may contribute to different types of response. The presence of a rheological additive in the examined paint formulations generally lead to longer times necessary to attain steady viscosity values. Fig. 5d illustrates an example of thixotropic recovery with time for sample composed of a sur factant and a rheological additive. The kinetics of thixotropic build-up processes at different low shear conditions can be suitably described by a stretched exponential function, see equation (2l [9] . The solid lines through experimental data in Fig. 5 were calculated by applying equation (2) Die Kinetik des thixotropen Strukturaufbaus kann bei verschiedenen kleinen Scherraten mitte ls einer, ,stretched exponential" Funktion passend beschrieben werden siehe Gleichung (2l [9] . Die durchgezogenen Linien in Abb. 5 wurden mit Gleichung (2l berechnet. Offensichtlich korreliert diese Gleichung mit den expe rimentellen Daten gut. Um den EinfluB der Scherbedin gungen auf die Kinetik der Strukturerholung zu bewer ten, wurde die charakteristische Zeit (tel entsprechend Gleichung (3l eingefuhrt. In dem Fall kann das Problem, das von der Korrelation zwischen den Parametern K und n in Gleichung (2l herruhrt, vermie den werden. Tabelle I enthalt die Parameterwerte der Gleichung (2l fur die Proben S1 und S8. Applied Rheology Oktober/October 1997 deriving from the cor relation between parameter K and exponent n in equation (2l was avoided. Ta ble 1 reports the values of the parameters evaluated by applying for two samples, S 1 and S 8. Rheological examinations showed that in comparison with paint formulations containing rheological additives Bentone 38 and Aerosil 200, the samples composed of Rheolate 287 did not give desirable rheological properties. The concentration dependence of these two rheological additives on steady viscosity values (11 5l at shear rates of 0.6 and 1.2 s· 1 , for both combinations of surfactants Surfinol 104 E and Adicol 64, are shown in Fig. 6 . When the samples were formulated by using Surfinol 104 E as a surfactant, both additives had slightly better efficiency. Creep and recovery tests ( Fig. 3l were performed in order to examine time dependent effects on the rheological properties of the investigated paints under non-destructive shear conditions. The experimental results obtained from these tests after different times of rest were treated on the basis of the model of Burgers, see equation (4l. Even when the experiments were carried out i n the range of linear viscoelastic response, satisfactory results were only obtained, if the parameters of the model in the segment of creep were different from those in the segment of recovery. The exception was parameter J 0 , which was usually found equal for both segments. For such complex pigment suspensions these observations are not surprising, since the structural network of particles during testing was not completely developed. Elastic effects of suspensions are normally closely related to the structural characte ristics of the systems. In a colloidal suspensions two major sources of elasticity can be distinguished: Brownian motion and particle interaction forces [ 
induced by shear field, thus behaving as a "spring" which moves the microscopic structure of the suspension back to its unperturbed state. When the materisal is deformed due to the shear action (creep), different structural conditions can be expected with respect to the conditions when shear stress is released (recovery). Fig. 7 illustrate an example of experimental responses and correlated values by using equations (4) for sample S 1. The values of the parameters, evaluated according to equation (4) , are shown in Table 2 . The process of thixotropic recovery of the structure with increasing time of rest leads to a higher level of structural build-up. Regarding the curves and the parameters of the model, strong processes of hardening were observed resulting in an increase in rigidity of the sample when the time of rest increased.
Conclusions
In order to characterize the flow properties of paints intended for the dip coating process, the rheological properties should be examined under various shear conditions. In this work, the influence of different sur factants and rheological additives i n paint composition on the flow properties was studied by the application of different experimental procedures. With the purpose of investigating rheological properties of the examined paints under the shear conditions similar to those which can be expected in real situations, shear rate ramp, stepwise procedure, shear rate-shear stress step functions and creep/recovery tests were per formed. It was found that all examined paints exhibited strongly non-Newtonian behavior of shear thinning and time-dependent properties of thixotropic type.
The rheological investigations showed that it is neces sary to use surfactants i n aqueous paints of Ti02. The paints containing surfactants exhibited better stability of dispersion as well as more favorable effects on the rheological properties Oktober October 1997 Tabelle 1: Parameter der Gleichung 2, die bei verschiedenen 5cherraten und 5cherspannungen bestimmt wurden. 
Burgers Modell the Burgers Model At = J t-11t
14)
J(t) = t, / 11 o +J, · expi-Hl/ A tl recovery additives, stronger shear -dependent behavior and higher viscosity values in the range of low shear rates could be obtained.
Time dependent behavior of the examined paints mostly depended on the combination of the surfactant and the concentration of the rheological additive. For both rheological additives, Bentone 38 and Aerosil 200, slightly better efficiency was found in the presence of surfactant Surfinol 104 E.
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